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Abstract. The crystal structure of rouxelite from the Monte Arsiccio mine, Italy, has been investigated us-
ing single-crystal X-ray diffraction (SCXRD) to clarify its crystallography and crystal chemistry. The structure
is described in space group C-1, with lattice parameters a =43.1883(12), b =8.1037(2), ¢ =38.1470(10) A,
o =96.001(2), B =116.615(2), y =95.372(2)°, and V = 11721.7(6) A3. The structure can be considered as be-
ing a twofold superstructure (doubled b cell parameter) of the C2/m rouxelite structure previously reported from
Buca della Vena mine. The asymmetric unit in the structure of rouxelite contains 53 cation sites and 66 anion
sites. The metal sites are composed of 22 Pb positions, 28 Sb positions, one Hg position, and two Cu positions.
Among the Pb sites, four are mixed with TI, Sb, Ag, and As and two are split. Among the Sb sites, three Sb
sites are mixed with Pb and As and three are split. The Hg position includes Ag, and two sulfur sites (S65 and
S66) are partially occupied. Final refinement, performed as a twin with volume ratios of 0.5489:0.4510(14), re-
sulted in an R value of 0.0855 for 55765 unique reflections. The crystal under investigation was an intergrowth
with a second domain whose cell parameters correspond to those of launayite. The resulting structural formulae
obtained from the SCXRD study for the unit cell is either Cug Ag.0gHg3.068 T12Pbg3s 568 As1.448Sb111.8365261.52
(for Z=1, ch=2.16) or CugAgs 09Hg3 064 T12Pbg3 556A51.452Sb111.845261.3201.52 (for Z=1, ch=-0.47) (O
content could not be reliably determined), making the definition of an ideal formula difficult. Additionally, a
substantial volume of new chemical data for rouxelite has been included, covering both the Monte Arsiccio mine
and the neighbouring Buca della Vena occurrences, thereby enhancing the previously published data. The crystal
chemistry, substitution mechanisms, and modular description of rouxelite as well as the modular relationship to
other minerals are also addressed.

1 Introduction The structure of a twofold subcell was described as mon-

oclinic with the space group C2/m and unit-cell pa-
Rouxelite is a very rare Cu-Hg-Pb-Sb sulfosalt, first de- rameters a =43.113, b= 4.059, ¢ =37.874, B =117.35°,
scribed by Orlandi et al. (2005) from the Buca della V =5887 A3, and Z =2. Despite a poor R; value of 0.169,

Vena Fe-Ba ore deposit in the Apuan Alps, Tuscany,  the X-ray single-crystal study revealed a novel, interesting,
Italy. It was found in association with bournonite, tetra- and complex crystal structure with Cu and Hg occupying spe-
hedrite, and sphalerite. The published ideal formula is cific sites. The large discrepancies between empirical (with

Cuy;HgPbysSbogSe4(0,S)2, with a Pb/Sb ratio of 0.786.
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an electron probe microanalysis (EPMA)-measured O that is
too high) formula, structural formula, and ideal formula were
not explained. The authors described the structure of roux-
elite as a three-component boxwork structure, and they stated
that “Very large topologically equivalent columns are recog-
nizable in rouxelite and kobellite, which have about 90 % of
their structure motif in common.”

A (TI-Ag)-bearing rouxelite was later described by Bia-
gioni et al. (2014) from the Ba-Fe ore deposit of the Monte
Arsiccio mine, Apuan Alps, Tuscany, Italy. It was found
in association with zinkenite and the rare minerals robin-
sonite and Tl-bearing chovanite. The X-ray powder diffrac-
tion pattern of rouxelite material from the Monte Arsiccio
mine showed similar unit-cell parameters to those of roux-
elite from Buca della Vena. However, X-ray single-crystal
studies on Monte Arsiccio rouxelite were not undertaken due
to poor-quality diffraction data. The presence of Tl and Ag in
the chemistry was emphasized, and the crystal chemistry and
substitution mechanisms were analysed in detail (Biagioni et
al., 2014).

In connection with our previous analytical work on Monte
Arsiccio sulfosalt material, we found rouxelite grains suit-
able for single-crystal X-ray diffraction (SCXRD), allowing
us to perform a successful single-crystal study of this min-
eral. This study aims to clarify the crystallography and crys-
tal chemistry of rouxelite from the Monte Arsiccio mine. The
present paper intends to expand the knowledge and under-
standing of this very rare and complex mineral in particular
and to contribute to the broader field of sulfosalt research in
general.

2 Material and experimental methods

2.1 Monte Arsiccio and Buca della Vena material

Two samples (FK055 and FK056) containing rouxelite from
Buca della Vena and 14 samples from the Monte Arsiccio
mine (4 from one of us (Frank Keutsch) and 10 from Ger-
man collector Alois Lechner) were analysed using optical
microscopy, microprobe analysis, and single-crystal X-ray
diffraction methods. Sulfosalt aggregates were carefully ex-
tracted from the hand specimens, embedded in epoxy resin,
and polished to a final level of 0.25 ym.

An aggregate with sub-parallel intergrown needle-like
crystals of rouxelite from the Monte Arsiccio mine (AL)
is shown in Fig. 1. The back-scattered electron (BSE) im-
ages in Fig. 2a reveal the homogeneous chemical composi-
tion of rouxelite grains, extracted from the aggregate shown
in Fig. 1, and minimal intergrowths with other minerals.
Figure 2b illustrates the complex crystal intergrowth and/or
twinning of the single crystals of rouxelite within the same
aggregates. Other parts of the sample mentioned above, as
well as parts of other samples, show aggregates of mixtures
of fine needle-like crystals of zinkenite, rare robinsonite, and
a new mineral, i.e. proto-owyheeite (Topa et al., 2024). No
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Figure 1. Photograph of a rouxelite aggregate in a specimen kindly
provided by Alois Lechner.

oxygen-bearing sulfosalts, such as chovanite, were found in
any of the investigated samples.

2.2 Electron probe microanalysis

Chemical analyses of rouxelite and associated minerals were
carried out using a JEOL Hyperprobe JXA 8530F field-
emission-gun electron probe microanalyser (FE-EPMA) at
the Central Research Laboratories of the Natural History Mu-
seum, Vienna. The analyses employed JEOL and Probe for
EPMA software (WDS1 mode, 25kV, 20nA, 1.5 um beam
diameter, and count times of 15s on peak and 5s on back-
ground positions). The following emission lines and stan-
dards were used: AsLa and T1Lo (lorandite, TIAsS,), PbM o
(galena), AgLo (Ag metal), SbLo and SK o (stibnite), HgLo
(cinnabar), and CuK« (chalcopyrite). Other elements such
as Bi and Fe were sought but not detected. Proper empiri-
cal correction was made for the interference of the third or-
der of the SbL« line with the analytical AsLa line. Under
the analytical conditions described, the detection limits for
the measured elements in the rouxelite matrix were as fol-
lows (expressed in wt %): S, Cu, and Fe ~ 0.04; As, Ag, and
Sb ~ 0.06; and Hg, T1, Pb, and Bi ~ 0.1. No attempt to mea-
sure O content was performed.

2.3 Single-crystal X-ray diffraction

Intensity data of a small needle-shaped crystal were collected
at room temperature using a STOE StadiVari diffractometer
system equipped with an EIGER2 1M CdTe detector. Finely
collimated MoK « radiation was employed, utilizing finely
sliced w scans and a detector distance of 70 mm. Data were
processed using STOE X-Area software, and intensities were

1Wavelength—dispersive X-ray spectrometry
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Table 1. New chemical composition data (in wt %) of rouxelite from the Monte Arsiccio mine, including mean values (denoted MV) for
all 158 point analyses, for a Cu-low and Cu-high variety, and for the extracted material (EM) for the SCXRD study. Empirical formulae are
calculated based on 212 cations (Z = 1). The structure-derived formula (SF) and two newly possible calculated ideal formulae (IF1 and IF2)
are also indicated for S261 and S262. Values in italic represent standard deviations.

Element MV  Cu-low Cu-high EM SF IF1 1F2
NA? 158 14 18 5

Cu 1.24 1.18 1.28 1.23 1.23 1.21 1.21
0.04 0.01 0.01 0.00

Ag 0.54 0.61 0.47 0.53 0.54 0.00 0.00
0.11 0.05 0.04 0.04

T1 0.98 0.96 1.02 0.97 0.99 0.00 0.00
0.12 0.07 0.06 0.03

Hg 1.42 1.41 1.40 1.43 1.46 1.91 1.91
0.09 0.06 0.06 0.01

Pb 43.90 43.71 43.85 43.63 42.04 4630 4547
0.53 0.48 0.51 0.28

As 0.38 0.38 0.38 0.42 0.26 0.00 0.00
0.12 0.17 0.12 0.06

Sb 31.44 31.36 31.48 31.44 33.06 30.68 31.37
0.33 0.26 0.24 0.26

S 20.26 20.16 20.31 20.14 20.36 19.90  20.04
0.16 0.08 0.17 0.10

Total 100.12 99.65 100.17 99.77 100.00  100.00  100.00
0.61 0.45 0.60 0.20

chP 0.2 —0.6 -04 —0.07 0.46 0.0 0.0
0.9 1.0 0.7 0.35

CHP 0.2 —0.5 —-04 —0.06 0.41 0.0 0.0
0.8 0.9 0.6 0.32

Formulae calculated for ¥Metal =212 apfu

Cu 8.10 7.75 8.31 8.03 8.00 8.00 8.00
0.25 0.07 0.04 0.02

Ag 2.07 2.37 1.79 2.02 2.08 0.00 0.00
0.42 0.18 0.15 0.15

Tl 1.99 1.96 2.08 1.96 2.00 0.00 0.00
0.24 0.14 0.13 0.05

Hg 293 292 2.89 2.96 3.068 4.00 4.00
0.18 0.12 0.12 0.03

Pb 87.81 87.80 87.73 87.47 83.568 94.00 92.00
0.94 0.83 0.75 0.66

As 2.12 2.11 2.09 2.31 1.448 0.00 0.00
0.68 0.96 0.68 0.32

Sb 10698  107.10 107.12  107.25 111.836  106.00 108.00
1.04 0.65 0.92 0.75

S 261.83  261.51 26247 260.94 261.52  261.00 262.00
2.02 1.69 2.07 0.87

2 Number of point analyses. b ch represents charge balance values calculated as (¥ cation valence — X anion
valence), and CH normalized charge balance values as ch / (X anion valence) using atomic percent values. The
two possible ideal formulae for rouxelite from the Monte Arsiccio mine, free of any substitutions, are
CugHg4PbgsSb6S261 and CugHgsPbgy SbjggSo62 with ¥XMe =212 and ch = 0 constrains. Note that apfu
represents atoms per formula unit.
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scaled with STOE LANA (Koziskova et al., 2016). More de-
tails on the processing of the twinned intensity data are pro-
vided below.

3 Chemical data

A large number of point analyses were conducted on sev-
eral grains of rouxelite extracted from the mentioned samples
(NA = 14 for Buca della Vena and 158 for Monte Arsiccio).
These new data are presented in Table 1 together with pre-
viously published data. In the Buca della Vena material, we
detected small amounts of Ag (0.07 wt %), Tl (0.13 wt %),
and As (0.12wt %), in addition to the previously published
elements.

For rouxelite from the Monte Arsiccio mine (Table 1), we
give four main groups of analyses, represented by their mean
values: a global group for all 158 point analyses, a group for
a low-Cu variety, a group for a high-Cu variety, and a group
for the grain used in the SCXRD study.

Compared to the Buca della Vena material, the Monte Ar-
siccio material has lower amounts of Cu, Hg, and Pb and
higher amounts of Ag, Tl, As, Sb, and S. This indicates a
complex mixture of several substitution mechanisms, which
will be discussed below in connection with the SCXRD study
results.

The empirical formulae for all groups were calculated
based on ¥XMe =212 and Z =1 (from the SCXRD study).
The empirical formula for the grain used in the SCXRD study
is Cug 03Ag2.02Hg2.96Tl1.96Pbg7.47Sb107.25A82.315260.92-

Accurate measurements of the small amounts of presum-
able oxygen content could not be obtained due to several ba-
sic analytical factors: high absorption of the OK o X-ray an-
alytical line in the high mean atomic number of the rouxelite
matrix, the thin carbon film deposited for electrical conduc-
tivity of the surface, and the necessity of high accelerating
voltage values (25kV) for the production of the Pb, TI, and
Hg Lo X-ray analytical lines.

4 Crystal structure

4.1 The fragment under investigation

The needle-shaped fragment under investigation, extracted
from the aggregate presented in Figs. 1 and 2, was a com-
plex oriented intergrowth of multiple domains. All domains
can be derived from a monoclinic C-centred (mC) aris-
totype structure with cell parameters a ~43.0, b ~4.05 ,
c~379 A, and B~ 117.6°, corresponding to the structure
published by Orlandi et al. (2005). Henceforth, Akl indices
will be given with respect to this cell. Figure 3a shows a re-
construction of the &1/ plane of reciprocal space. The reflec-
tions of the mC aristotype are marked by red circles. Between
these reflections are weak reflections corresponding to a twin
domain by mirroring at (001) or, equivalently, a twofold ro-
tation about ¢*. Two examples are marked with red arrows in
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Fig. 3a. These reflections, however, were so weak that they
were ignored during processing.

As observed by Orlandi et al. (2005) and Biagioni et
al. (2014), additional reflections are found at half-integer
k values, suggesting a doubling of the b axis, as is com-
monly observed in many sulfosalt minerals. The k =1.5
plane shown in Fig. 3b presents a complex diffraction pat-
tern. At least three domains (ignoring the minor twin domain)
can be identified. Reflections of two domains (exemplarily
marked with green and blue circles In Fig. 3b) are indexed
with half-integer &, k, and [ values. These correspond to a
pair of twin individuals of a twofold superstructure with a
modulation wave vector g1 =1/2a* +1/2b* + 1/2¢*. Such
a modulation reduces the symmetry from monoclinic to tri-
clinic; therefore, twinning by the monoclinic point symme-
try is expected. The reflections of the second twin domain
appear at g1’ =1/2a* +1/2b* — 1/2¢*. The structural dis-
cussion below will be based on these two twin domains.

Additionally, even weaker reflections in the half-integer
k planes are observed at integral 4 and / indices (exam-
ples marked with red arrows in Fig. 3b), corresponding to
a modulation wave vector of g2 =1/2b*. This indicates a
fourfold superstructure with a monoclinic primitive (mP) lat-
tice, because the application of 2¢ to a main reflection (h + k&
even) results in a systematically absent (h + k odd) reflec-
tion. Due to low intensities and the absence of any second-
order satellites in the integral k planes, we did not attempt a
structural characterization of the fourfold superstructure and
ignored these reflections. The cell parameters of this super-
structure correspond to the b~ 8 A cell of the sulfosalt lau-
nayite, which we will present in an upcoming publication.

In summary, the majority of the fragment consists of an
oriented intergrowth of a twin pair of twofold superstruc-
tures, the structure discussed herein, and a fourfold super-
structure, which is related to the structure of launayite. Addi-
tionally, a second orientation was identified where no super-
structure reflections were observed due to weak intensities.
If this minor part were built analogously, the fragment would
be composed of at least six crystalline domains. We did not
observe any hints of superstructure reflections for k (neither
integral nor half-integral), and we conclude that the b~ 8 A
cells described here are the actual cells of rouxelite and the
putative launayite analogue.

4.2 Processing of the twin intensities

Concurrent integration using two independent twin do-
mains led to numerical problems during optimization of
the orientation matrix, because the non-overlapping re-
flections (half-integer k) were very weak. Therefore, we
decided to integrate using a single triclinic primitive
(aP) domain with the reciprocal lattice basis (al’.‘, b;“,
cHl =(—a}, —1/2b7 —1/2¢}, —1/2b7 +1/2¢)! = (a3,
1/2a% +1/2b5 4+ 1/2¢5, 1/2a}+1/2b5 —1/26§)T, corre-
sponding to the real space basis (a;, b;, ¢;)=(—ay, —b; — 1,

https://doi.org/10.5194/ejm-37-591-2025
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Table 2. Single-crystal X-ray diffraction: experimental and refinement details for rouxelite.

Crystal data

Crystal size (mm)

Crystal system, space group
a(A)

b(A)

c(A)

a(®)

B ()

7 ()

v (A%)

0.01 x 0.03 x 0.06
triclinic, C-1( #2)
43.1883(12)
8.1037(2)
38.1470(10)
96.001(2)
116.615(2)
95.372(2)
11721.7(6)

Data collection and refinement

Radiation, wavelength A)
Temperature (K)

20max (°)

Measured reflections

Unique reflections

Reflections with F, > 4o (F,)
Rint

Ro

Range of h, k, [

R [Fo > 40 (F))]

R (all data)

wR (on Foz)

Goof

No. of least-square parameters
Restraints

Maximum and

minimum residual peaks (e A73)

Empirical formula
Structural formula
Z

p

MoK, » =0.71073
295

64.35

195 896

55765

17982

0.0917

0.1470

—63 <h <64,

—-10<k <12,
—56<1<57

0.0855

0.2023

0.2767

0.947

1122

4

6.71 (at 0.76 A from Pb17)
—6.37 (at 0.66 A from Pb14)

Cug 03A22.02T11.96Hg2.96Pbg7.47A32.315b107.255260.94

CugAgr 08Hg3.068 T12Pbg3. 568 As1.448Sb111.8365261.52
1

5.872

100pm NHMWJEOL

Figure 2. (a) Backscattered-electron image of several homogeneous rouxelite grains. (b) Corresponding plane-polarized optical images,
which reveal multiple components and complex twin lamellae.
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Figure 3. Excerpts of the (a) k =1 and (b) k = 1.5 planes of reciprocal space of the fragment under investigation. Red arrows indicate weak

reflections corresponding to a twin domain by reflection at (001) or, equivalently, a twofold rotation about c*.

—bi+c1)=(—ay, ar+ by + ¢3, by — ¢3). Here, a subscript
“i”” indicates the basis vectors used for integration, subscripts
“1” and “2” indicate the C-centred bases (see below) of
both twin domains, and the superscript 7" indicates the trans-
pose, since reciprocal bases are given by convention as 3 x 1
columns. In the (a}, b;, cf)T basis, the reflections of both
twin domains are indexed. However, the & + k odd reflec-
tions of the original structure, which are absent according
to the C centring, are likewise indexed, leading to spurious
integrated reflection intensities. These intensity data could
be scaled and corrected for the absorption effect. They were
then back-transformed into the cells of both twin domains,
generating a HKLFS style reflection file with overlap infor-
mation.

Instead of the reduced primitive triclinic aP ba-
sis (¢ =8.1037(2), b=21.5949(6), c¢=33.9287(9)A,
a =96.359(2), B =93.308(2), y =95.394(2)°,
V =5860.9(3) A3), we chose the C-centred triclinic unit cell
(a =43.1883(12), bH=28.1037(2), ¢ =238.1470(10) A,
a =96.001(2), B =116.615(2), y =95.372(2)°,
V =11721.7(6) A3) to be in concordance with the C-centred
monoclinic structure published by Orlandi et al. (2005). The
relationship of the chosen C-centred basis to the monoclinic
basis of the basic structure is (a, b, ¢)=(ap — by, 2by,
—by, + cp), where a subscript “b” indicates the b ~ 4 A basic
structure, which clearly shows the doubling of the cell vol-
ume. Moreover, this setting allows for better comparison
with the related launayite structure (work in progress). The
primitive setting is related to the C-centred setting by (a,,
bp, cp)=(b, —1/2a —1/2b, 1/2a+1/2b+c), where the
subscript “p” stands for primitive.

A reasonable structure solution was obtained in space
group C-1 by removing intensities of the second twin do-
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main. All subsequent structure refinements were then per-
formed against the intensities of both domains.

4.3 Structure determination

The structure of rouxelite was solved by the dual-space
method implemented in SHELXT (Sheldrick, 2015a), which
revealed most of the atom positions, and was subsequently
refined using SHELXL (Sheldrick, 2015b). In subsequent cy-
cles of the refinement, remaining atom positions were de-
duced from difference Fourier syntheses by selecting among
the strongest maxima at appropriate distances.

Details on data collection and results of the structure re-
finement of rouxelite are given in Table 2, and full de-
tails are given in the CIF (Crystallographic Information
File) deposited in the Supplement (see Supplement S1). The
fractional atomic coordinate, occupancies, anisotropic (and
isotropic) atomic displacement parameters, charge distribu-
tion (CD) values, bond valence sum (BVS), and coordination
values are compiled in Table 3. Table 4 gives selected bond
lengths.

The asymmetric unit (Z =4) in the structure of rouxelite
(Fig. 4) contains 53 cation sites and 66 sites of anions. The
metal sites consist of 22 Pb positions, 28 Sb positions, 1 Hg
position, and 2 Cu positions.

Four Pb sites are mixed, one with T1 (Me12), one with Ag
and Sb (Me19), one with As (Me21) and one with Sb (Me22),
and two are split (Mel7a, b and Me18a, b). We choose to re-
fine T1 with the site Pb12 and Ag + Sb with the site Me19 on
following the site lengths (long for T1 and short for Ag 4 Sb).
The occupancies of Tl (0.5) and Sb (0.287) were imposed
to fit the chemistry results and are in agreement with the
charge distribution (CD) values calculated with the program

https://doi.org/10.5194/ejm-37-591-2025
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Table 3. Sites, site occupancies (s.0.), fractional atom coordinates, equivalent displacement parameters (in Az), coordination numbers (CNs),
charge distribution (CD) values and bond valence sum (BVS) values.

Site s.0. x/a y/b z/c Ueq  Ref* CD BVS CN
Pbl 1 0.90672(3) 0.6675(2) 0.18538(4) 0.0338(3) 2 1975 1.771 7
Pb2 1 0.90714(3)  0.1690(2) 0.18525(4) 0.0327(3) 2 1977 1.795 8
Pb3 1 0.13575(3) 0.7368(2) 0.09226(4) 0.0306(3) 2 1.897 1.905 8
Pb4 1 0.13485(3)  0.2390(2) 0.09106(3) 0.0304(3) 2 1886 10916 8
Pb5 1 0.23629(3)  0.2884(2) 0.09230(3) 0.0300(3) 2 2079 2018 8
Pb6 1 0.23553(3) 0.7875(2) 0.09278(4) 0.0321(3) 2 2095 2010 7
Pb7 1 0.06580(3)  0.3690(2) 0.42732(4) 0.0308(3) 2 1947 2.005 7
Pb8 1 0.14694(3)  0.9644(2) 0.55055(4) 0.0313(3) 2 1968 2.002 8
Pb9 1 0.99727(3) 0.7706(2) 0.30360(4) 0.0334(3) 2 1974 1812 8
Pb10 1 0.99642(3) 0.2710(2) 0.30344(4) 0.0336(3) 2 1964 1.819 8
Pbl1 1 0.22703(3)  0.5829(2) 0.67899(4) 0.0329(3) 2 1948 1.965 8
Mel2 Pbg 5Tlp 5 0.01153(3) 0.7231(2) 0.19204(4) 0.0336(3) 1.5 1487 1.845 8
Pb13 1 0.23031(4) 0.0888(2) 0.68122(4) 0.0346(3) 2 1910 1.881 8
Pb14 1 0.06532(3) 0.8604(2) 0.42610(4) 0.0321(3) 2 1907 2.055 7
Pbl15 1 0.01131(3) 0.2226(2) 0.19175(4) 0.0349(3) 2 1946 1.819 8
Pbl16 1 0.14652(3) 0.4648(2) 0.54901(4) 0.0349(3) 2 1932 1.840 8
Pbl7a Pby 85(3) 0.0441(2) 0.1957(4) 0.0996(3) 0.0332(9) 1.7 1708 1.632 9
Pb17b Pby.15(3) 0.0357(8) 0.203(3) 0.0895(9) 0.0332(9) 0.300 0.303 0.221 9
Pbl8a Pbg.79(4) 0.0434(3) 0.6951(7) 0.0992(4) 0.0345(11) 1.580 1.610 1.453 9
Pb18b Pbg 214 0.0362(6) 0.698(3) 0.0895(8) 0.0345(11) 0.420 0.427 0.307 9
Mel9 Pbg.26(12)Ag0.287(12)Sbp.2g7  0.14616(6)  0.6373(3) 0.40330(7) 0.0479(8) 2 1990 2.204 6
Pb20 1 0.14141(4) 0.1318(2) 0.39674(4) 0.0427(4) 2 2024 2111 7
Me2la Pby 898(4) 0.21129(4) 0.6190(2) 0.77890(4) 0.0325(4) 1.796 1.786 1.690 8
Me21b As0.102(4) 0.2322(6) 0.650(2) 0.8094(8) 0.0325(4) 0.306 0.291 0.237 5
Me22a Pbg.731(12) 0.33919(9) 0.9111(4) 0.70084(7) 0.0326(8) 1.462 1.450 1.413 7
Me22b Sbo.269(12) 0.3262(4) 0.887(2) 0.6970(4) 0.0326(8) 0.807 0.764 0.710 5
Sbl 1 0.89837(5) 0.9757(3) 0.28263(6) 0.0246(4) 3 2997 3174 6
Sb2 1 0.15305(6) 0.9545(4) 0.00532(6) 0.0326(5) 3 3.039 2915 7
Sb3 1 0.15307(5) 0.4542(4) 0.00486(6) 0.0324(5) 3 3.040 20918 7
Sb4 1 0.89704(5) 0.4664(4) 0.28190(6) 0.0275(4) 3 3.084 3.509 6
Sbs 1 0.82965(5)  0.8286(4) 0.08595(6) 0.0304(5) 3 3107 2998 6
Sb6 1 0.92719(5) 0.3819(4) 0.09562(6) 0.0279(5) 3 3.053 2986 7
Sb7 1 0.82747(6) 0.3259(4) 0.08396(6) 0.0325(5) 3 3.083 2908 6
Sb8 1 0.97360(5)  0.5688(4) 0.39632(6) 0.0287(5) 3 3.040 2756 6
Sb9 1 0.92677(5) 0.8809(4) 0.09566(6) 0.0292(5) 3 3.052 2948 7
Sb10 1 0.97273(5)  0.0544(4) 0.39058(6) 0.0315(5) 32961 3.240 6
Sbl1 1 0.30107(6) 0.9227(4) 0.78833(7) 0.0347(5) 3 2803 3.113 6
Sb12 1 0.05474(6) 0.1568(3) 0.51975(6) 0.0305(5) 3 3121 3.066 6
Sb13 1 0.30438(6) 0.4437(4) 0.78550(7) 0.0364(6) 3 2953 2480 6
Sb14 1 0.13176(5) 0.7504(4) 0.63857(6) 0.0290(5) 3 2986 3.244 6
Sb15 1 0.12920(5)  0.2346(3) 0.63467(6) 0.0284(5) 3 3.077 2737 6
Sb16 1 0.44565(7)  0.1018(5) 0.00222(7) 0.0473(6) 3 2673 3132 7
Sb17 1 0.10429(6) 0.5226(4) 0.19674(7) 0.0390(6) 3 3.001 3.19 5
Sb18 1 0.04866(6) 0.6392(3) 0.51055(7) 0.0317(5) 3 3158 2900 6
Sb19 1 0.44578(7)  0.6042(5) 0.00151(7) 0.0453(6) 3 2675 2961 7
Sb20a Sbo.864(10) 0.08001(7) 0.5635(4) 0.30782(11) 0.0289(8) 2.592 2.835 2.855 5
Sb20b Sbo.136(10) 0.0835(5) 0.582(3) 0.2918(7) 0.0289(8) 0.408 0.452 0.333 5
Sb2la Sby 73(3) 0.2725(3)  0.0924(9) 0.5995(2) 0.0287(12) 2.190 2.106 2.109 6
Sb21b Sbg 27(3) 0.2623(5) 0.066(3) 0.5915(5) 0.0287(12) 0.810 0.773 0.490 5
Sb22 1 0.10162(6)  0.0236(4) 0.20607(7) 0.0396(6) 3 319 2.892 5
Sb23a Sbo_841(10) 0.08234(7) 0.0621(5) 0.29385(12) 0.0279(8) 2.523 2742 2445 5
Sb23b Sbo.159(10) 0.0800(4) 0.073(3) 0.3094(6) 0.0279(8) 0.477 0.515 0.455 5
(Sb,As)24  Sby.74(2)As0.26(2) 0.20737(8)  0.9532(4) 0.50134(8) 0.0463(11) 3 3.037 2723 6
Sb25 1 0.21119(7)  0.4398(3) 0.50022(7) 0.0369(6) 32992 2532 6

https://doi.org/10.5194/ejm-37-591-2025

Eur. J. Mineral., 37, 591-616, 2025



598 D. Topa et al.: The 8 A crystal structure and new crystal chemical data

Table 3. Continued.

Site s.0. x/a y/b z/c Ueq  Ref* CD BVS CN
Sb26 1 0.27079(7) 0.6030(3)  0.599597(7) 0.0386(6) 3 2869 2.833 6
Me27a  Sbg gs59(11) 0.27554(10) 0.3677(4) 0.20589(12) 0.0198(6) 2.577 2.465 2.688 5
Me27b  Pbg 141(11) 0.2906(6) 0.375(3) 0.2223(6) 0.053(5) 0.282 0.275 0.279 8
Me28a  Sby go4(14) 0.17555(13) 0.1119(9)  0.30221(15) 0.0263(8) 2412 2314 2.545 5
Me28b  Pby 196(14) 0.1619(5) 0.101(3) 0.2986(5) 0.058(5) 0392 0.394 0.446 7
Hg Hgo.767(13)A80.233(13)) 0.24998(4) 0.9995(2) 0.00020(4) 0.0374(5) 1.767 1.646 1.811 6
Cul 1 0.82745(11) 0.6217(7)  0.17256(12) 0.0353(9) 1 1.015 0.928 4
Cu2 1 0.82929(10) 0.1221(7)  0.17224(12) 0.0354(9) 1 0985 0.950 4
S1 1 0.01901(18)  0.5145(12) 0.2587(2)  0.0265(17)
S2 1 0.26732(19)  0.8431(13) 0.6466(2)  0.0259(17)
S3 1 0.04097(19) 0.4678(12) 0.1571(2)  0.0279(17)
S4 1 0.1118(2) 0.2734(13) 0.1597(2)  0.0282(18)
S5 1 0.01899(18)  0.0135(12) 0.2584(2)  0.0248(16)
S6 1 0.04032(19) 0.9694(12) 0.1557(2)  0.0266(17)
S7 1 0.2650(2)  0.3416(13) 0.6438(2)  0.0290(18)
S8 1 0.17577(19)  0.2744(13) 0.6143(2)  0.0249(15)
S9 1 0.11214(19) 0.7572(14) 0.1597(2)  0.0304(18)
S10 1 0.93856(19) 0.4687(12) 0.2542(2)  0.0257(16)
S11 1 0.1739(2)  0.7719(13) 0.6128(2)  0.0288(17)
S12 1 0.2099(2) 0.3281(13) 0.1746(2)  0.0282(18)
S13 1 0.0793(2) 0.4506(12) 0.0710(2)  0.0298(18)
S14 1 0.9654(2)  0.1551(15) 0.0961(2)  0.0345(19)
S15 1 0.2131(2)  0.1995(13) 0.4448(2)  0.0296(18)
S16 1 0.23879(17)  0.3664(12) 0.7385(2)  0.0228(15)
S17 1 0.95007(18)  0.9245(12) 0.1677(2)  0.0235(16)
S18 1 0.84799(19) 0.8727(12) 0.1577(2)  0.0262(16)
S19 1 0.2910(2)  0.6968(14) 0.8243(3) 0.035(2)
S20 1 0.93830(18)  0.9646(12) 0.2533(2)  0.0234(15)
S21 1 0.0894(2) 0.9723(15) 0.5737(3) 0.038(2)
S22 1 0.1620(2)  0.5557(15) 0.6861(2) 0.035(2)
S23 1 0.84551(19)  0.3741(13) 0.1553(2) 0.0288(17)
S24 1 0.2137(2)  0.6931(13) 0.4445(2) 0.0301(19)
S25 1 0.17995(19)  0.5032(13) 0.0780(2)  0.0263(16)
S26 1 0.0856(2)  0.4292(11) 0.5665(3) 0.033(2)
S27 1 0.08019(19)  0.9525(11) 0.0734(2)  0.0265(17)
S28 1 0.8733(2) 0.6163(15) 0.0939(2) 0.036(2)
S29 1 0.0177(2)  0.5628(12) 0.3715(2)  0.0267(16)
S30 1 0.95033(19) 0.4245(12) 0.1683(2) 0.0249(16)
S31 1 0.02129(19)  0.0685(13) 0.3727(2)  0.0267(16)
S32 1 0.1597(2)  0.0285(12) 0.6833(2)  0.0293(19)
S33 1 0.3103(2) 0.1692(12) 0.7318(2)  0.0273(19)
S34 1 0.9654(2)  0.6499(15) 0.0968(2) 0.036(2)
S35 1 0.2759(2)  0.5513(15) 0.0703(2) 0.036(2)
S36 1 0.0741(2)  0.3404(14) 0.3455(2) 0.0311(18)
S37 1 0.0886(2)  0.8059(14) 0.2481(2) 0.034(2)
S38 1 0.3099(2)  0.6384(14) 0.7340(2)  0.0307(18)
S39 1 0.22744(19) 0.9184(12) 0.8375(2)  0.0246(16)
S40 1 0.23911(19)  0.8618(12) 0.7384(2)  0.0248(16)
S41 1 0.14523(19) 0.4219(14) 0.4516(2)  0.0306(18)
S42 1 0.16454(19) 0.3774(14) 0.3559(2) 0.0276(17)
S43 1 0.0119(2) 0.8214(10) 0.4524(3)  0.0279(19)
S44 1 0.0948(2) 0.1602(13) 0.4910(2) 0.0275(17)
S45 1 0.1799(2)  0.0039(13) 0.0781(2)  0.0299(17)
S46 1 0.2760(2)  0.0442(15) 0.0706(2) 0.037(2)
S47 1 0.0156(2) 0.3697(13) 0.4593(3) 0.037(2)
S48 1 0.1650(2)  0.8746(13) 0.3570(2)  0.0288(18)
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Table 3. Continued.

Site  s.o. x/a y/b z/c Ueq Ref* CD BVS CN
S49 1 0.1421(2) 0.3554(12) 0.7574(3) 0.036(2)
S50 1 0.1941(2) 0.2243(18) 0.0067(2)  0.041(2)
S51 S 0.55(2) 0.1089(4) 0.711(3)  0.0078(5) 0.030(2)
S517 S 0.45(2) 0.0996(5) 0.625(3)  0.0038(7) 0.030(2)
$52 1 0.8729(2)  0.1083(17) 0.0938(2)  0.041(2)
S53 S 0.55(2) 0.1076(4) 0.212(3)  0.0058(5) 0.030(2)
S53"  S0.45(2) 0.0993(5) 0.127(3)  0.0042(7) 0.030(2)
S54 1 0.0894(2) 0.2668(12) 0.2491(2)  0.030(2)
S55 1 0.1448(2) 0.9013(12) 0.4506(2) 0.0280(19)
S56 1 0.1993(2) 0.7552(19) 0.5420(3) 0.052(3)
S57 1 0.0744(2)  0.8167(12) 0.34652)  0.031(2)
S58 1 0.09667(19) 0.6671(12) 0.4935(2) 0.0251(16)
S59 1 0.8619(2) 0.1808(13) 0.2432(2) 0.0326(18)
S60 1 0.94152) 0.7787(15) 0.3464(3)  0.038(2)
S61 1 0.1956(2) 0.7260(19)  0.0099(2) 0.043(2)
S62 1 0.2299(2) 0.3956(12) 0.8374(2) 0.0270(17)
S63 1 0.9394(2) 0.2293(12) 0.3406(3)  0.039(2)
S64 1 0.1973(3) 0.232(2)  0.5379(3) 0.052(3)
S65 S 0.69(3) 0.4830(4) 0.875(4) 0.0126(6) 0.089(10)
S66 S 0.69(3) 0.4841(4) 0.376(4) 0.0136(5) 0.089(10)
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* Ref is the charge of the site obtained from refinement, whereas CD and BVS represent charge distribution and bond valence sum values,
respectively, calculated for the cation sites with the program ECoN21 (Ilinca, 2022).

ECoN21 (Ilinca, 2021). The Hg site was found to be mixed
with Ag (Hg0.767(13)Ag04233(13)) as described by Orlandi et
al. (2005). Three Sb sites are mixed, one with As [(Sb,As)24]
and two with Pb (Me27 and Me28), whereas another three Sb
sites (Sb20, Sb22, and Sb23) are split. Two S sites, S65 and
S66, are both partially occupied with 0.69 % (Table 3).

Final refinement as a twin by twofold rotation about
[010], corresponding to the lost monoclinic symmetry
with volume ratios 0.5489:0.4510(14), led to R; =0.0855
for 55765 unique reflections. The Pb content is low and
the Sb content is high in the resulting structural for-
mula obtained from the SCXRD study for the unit cell,
CugAgr.08Hg3.068T12Pbg3 568 As1.448Sb111.8365261.52
compared with the electron micro-
probe analysis (EMPA) empirical formula
Cug.03Ag2.020Hg2.96T11.96Pbg7.47Sb107.25A82.315260.92
(both for Z =1).

For the minor As in the Me21b site (occupancy ca. 10 %),
the As—S distances were restrained to 2.30(2) A.

An attempt was made to identify oxygen positions — simi-
lar to those identified by Orlandi et al. (2005) — in the vicin-
ity of Sb16, Sb19, S65, and S66. Weak peaks in the electron
density maps were observed at reasonable distances from the
S atoms (ca. 2.0 and 2.1 A). When freely refining the occu-
pancies of the S and the putative O atoms, both positions
(S65/065 and S66/066) refine to a total occupancy of ca.
85 %. The difference electron density peaks could also be an
artefact due to ignoring the alternative (g2, mP) launayite-
like domain. In fact, as we will show in an upcoming publi-
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cation, the main structural difference between both structures
is precisely this column. Therefore, from the present data it
cannot be said whether S65 and S66 are fully occupied (S,0)
positions, partially occupied (S,0) positions, or partially oc-
cupied S positions.

We therefore present all three options (XMe =212) here
and discuss their relation to the corrected empirical formulae
in the “Crystal chemistry” section (Sect. 5). Data of all three
refinements (CIF) are deposited in the Supplement as S1, S2,
and S3 files.

The structural formula for refinement (S1) without O
is CugAg2.08Hgs.068 T12Pbg3 568 As1.448Sb111.836S261.52,
with  ch=2.16. The structural formula for O
and S occupancies refined independently  (S2)
is CugAgr.0920Hg3.064T12Pbg3 556 A81.450Sb111.840
(S261.3201.52)5262.84, With ch=—0.47 and 0.059 O wt %.
Finally, the structural formula for which the
sum of O and S occupancies is fixed to 1 (S3),
is CugAgr.1Hg3.056 T12Pbgs 548 As1.452Sb111.844
(S261.4802.52) %264, With ch = —2.81 and 0.098 O wt %.

4.4 Description of the structure

Following the description of the Buca della Vena rouxelite
crystal structure by Orlandi et al. (2005), a different ap-
proach to its modularity was published by Makovicky and
Topa (2009) for that b ~ 4 A structure. The present descrip-
tion of the crystal structure of rouxelite from the Monte Ar-
siccio mine will follow the Makovicky and Topa approach.

Eur. J. Mineral., 37, 591-616, 2025
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Table 4. Selected interatomic distances in the crystal structure of rouxelite.

Pbl- Pb2- Pb3- Pb4- Pbs- Pb6-
S17 2.999(9)  $30 2.97009) S51 2871(17) 853  2.895(18) S50 2.896(8)  S61 2.801(8)
S18 3.012(9) SI8 3.052(8) SI13 29598) S27 2.9398) S45 3.007(9) S25 2.978(9)
S20 3.047(8) S17 3.056(9) S27 2.972(10) SI3  2.946(10) S25 3.008(9) S45 2.991(10)
S30 3.062(9) 20 3.078(9) S25 2.985(9) 853/ 2.95(2) S46 3.018(11) S35 3.010(11)
S10 3.073(8) S52 3.081(8) S5 3.0002) S25 2.990(9) S35 3.025(10) S46 3.018(10)
$23 3.081(8) SI10 3.083(9) 45 3.001(10) S45  3.003(10) S62 3.04809) S39 3.167(9)
S28 3.082(8) S23 3.107(10)  S9 3.160(8) S4 3.18509) 39 3.080(8) S62 3.196(8)
S19 3.276(8) SI2 3318(7) SI2 3.784(8)
Pb7- Pbs- Pb9- Pb10- Pbll- Mel2-
31 2.905(9) S11 2.840(9) S57 2.946(8) S36 2.9628) S40 2.857(9) S37 3.000(8)
S47 2.924(9) S21 2.989(9) S1 3.031(10)  S29 3.05809) S16 2.90909) S3 3.017(9)
$29 2.944(9) S58 2.9918) S29 3.076(9) S5 3.063(9) S22 2.93309) S6 3.017(9)
S44 2.978(10) S8 3.034(9) S5 3.088(8) SI0 3.0848) S8 3.16509) S17 3.081(8)
S58 3.016(8) S56 3.059(13)  S10 3.092(9) S31 3.085(9) S38 3.193(7) S1 3.113(9)
S41 3.0998) S44 3.097(9) S31 3.09909) SI 3.09809) Si1 3.2038) S30 3.140(9)
36 3.285(8) S64 3.155(12)  S20 3.106(8) S20 3.108(8) S7 3.21409) S5 3.153(9)
S55 3.751(8) S60 3.467(9) S63  3.355(11) S2 3.284(10) S34 3.221(8)
Pb13- Pbl4- Pb15- Pb16- Pbl17a- Pb17b-
S16 2.842(9) S43 2.90209) S3 2.987(9) S8 2921(8) S4 2749(12) S13 2.98(2)
S40 2.918(9) S31 2.908(9) S6 3.017(9) S26  2.988(10) S27 2.979(10) S3 3.09(2)
$33 3.069(8) S29 2.927(9) S54 3.047(8) S58 3.018(9) S3 3.001(9) S27 3.12(3)
$32 3.080(8) S44 3.000(8) S30 3.068(8) SII  3.020(10) S6 3.009(11) S4 3.123)
S2 3.194(9) S58 3.004(9) S5 3.115(8) S44 3.0628) SI3 3.02309) Sl14 3.15(3)
S8 3.226(8) S55 3.0998) S17 3.137(8) S64  3.158(13) Sl4 3.326(10)  S6 3.26(3)
S7 3.228(10) S57 3.221(9) SI 3.171(9) S56  3.238(12)  S66 3.68(3) S65 3.35(4)
S11 3.327(10) S14 3.232(7) S41 3.672(8) S65 3737(19)  S66 3.45(4)
S66 3.887(19) S66 3.60(3)
Pbi8a- Pb18b- Mel9- Pb20- Me2la- Me21b-
S9 2.781(15)  S27 297(2) S24 2.5848) SIS 27618)  S62 2.899(9) S19 2.32(2)
S6 2.987(10) S13 3.092) S55 2.67409) S55 2.884(9) S39 2.92009) S39 2.39(2)
S27 3.009(10)  S6 3.10(2) S41 2.676(10) S41  2.918(10) S19 3.0458) S62 2.43(2)
S13 3.019(11)  S9 3.12(3) S42 3.024(10) S48 2.967(9) S16 3.067(9)  S60 3.46(2)
S3 3.050(13) S34 3.18(2) S48 3.031(10) S42  3.010(10) S40 3.09209) S16 3.49(2)
S34 3313(11) S3 328(3) S36 3.418(9) S57 3.34509) S22 3.161(8)
S66 3.69(2) S66 3.34(3) S$36 341409) S49 3.227(10)
65 370(3)  S65 3.46(4) S59 3.494(9)
S65 3.85(2) S65 3.57(3)
Me22a- Me22b- Sbl- Sb2- Sb3- Sb4-
Me22b 0.52(1) S2 2.367(14)  S20 2445@8) S45 2452(7) 25 2465(7) S49 2.413(9)
S2 2.812(7) S38 2792) S59 2.528(9) S51 2.65(2) S53 2.66(2) S10 2.455(8)
S42 2.857(10)  S33 2.817(19)  S63 2667(10) S50 2.665(13) S61 2.665(13)  S59 2.541(10)
$33 2.937(9) S48 2971(18)  S49 2.908(10) S61  2.694(13) S50 2.675(12)  S60 3.115(10)
S48 2.959(9) S42 3.041(19)  S60 3.041(11) 53 2.81(2) S51 2.79(2) S63 3.153(10)
38 3.096(11) $32 3.302(9) S53  2.998(17) S5l 2.980(17) S22 3.280(9)
S54 3.486(9) S51’ 3.34(2) S53 3.35(3)
37 3.595(11)
Sbs- Sb6-  Sb7- Sb8-  Sh9- Sb10-
S18 2.459(7)  S30 2461(7) S23 2.446(8) S29 2479@8) S17 2437(7)  S31 2.476(8)
S28 2.610(11) S14 2.578(11)  S52 2.688(12) S43 2.604(8) S34 2612(11)  S63 2.491(10)
S52 2.699(13) S34 2.585(12) S28 2.806(11) S60  2.682(11) Sl4 2.644(11)  S60 2.502(11)
S46 2.920(10)  S52 3.043(12) S35 2.824(10) S47  3.019(11) S28 2973(11)  S43 3.154(9)
S35 2.962(11)  S28 3.121(10)  S46 2871(12) S63  3.077(10) S52 3.081(11)  S47 3.192(10)
S50 3.1758) S51 3432)  S61 3.2249) S26  3.434(10) S53 3433(17)  S21 3.513(9)
S51 3.493(17) 53 3.44(2)
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Figure 4. Atom labelling in the asymmetric unit of rouxelite (view along the b axis); white: S sites, dark blue: Pb sites, red: Sb sites, green:

Hg site, and yellow Cu sites.

In a first instance, the structure can be interpreted as a box-
work structure with principal walls, C walls, formed by three
cation—anion planes that develop parallel to (001) (referred
to hereafter as the C-type module). For every three external
Pb atoms, the walls are alternately extended with a Pb poly-
hedron on each opposite side, creating a succession of “out-
of-phase” prominences. The (001) walls are periodically in-
dented around Hg octahedra.

The space between the walls is occupied by two types
of rod-like modules A and B. Both module types are de-
limited by pseudo-tetragonal cation—anion (Q) and pseudo-
hexagonal anion—anion (H) boundaries which alternate on
adjacent sides of the module. Each H limit is opposed to
a Q limit belonging to the neighbouring module and vice
versa. Module A is a PbS-like module (referred to hereafter
as the A rod), which contains eight Sb pyramids equally di-
vided by a lone electron-pair (LEP) micelle running approx-
imately parallel to (302). The A rod is truncated by pairs
of pseudo-hexagonal (H) boundaries (two and three sulfur
atoms long, respectively). The H ends of the A rod connect
to the C walls via Cu tetrahedra, located close to the four-
layer prominences. The eight Sb pyramids on each side of the
central LEP of the A rod are interspersed with six Pb poly-
hedra: two “lying” mono-capped trigonal prisms (Pb7 and
Pb14) flanked by four “standing” bi-capped trigonal prisms
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(Pb10, Pb16 and Pb8, Pb9 on the opposite side), which link
the A rod to the B-type one, described below.

The S-shaped B-type module is based on the SnS
archetype, well-illustrated in the crystal structure of ex-
tended (from three to four Pb polyhedra) 8 A monoclinic
boulangerite of Ventruti et al. (2012). The A- and B-type
rods alternate along [100] and are periodically translated
by the C-centring. Observe that the C-centring translation
is 1/2a+1/2b=1/2a, + 1/2by, where the subscript “b”
stands for the b ~4 A basic structure. Thus, for each mod-
ule there are two kinds (A1 / A and By / By), translated by
half an M S¢ octahedron’s edge length in the [010] direction,
as indicated by different shading in Figs. 5 and 6.

Alternatively, the C wall can be conceptualized as narrow
rods elongated parallel to the [010] direction, with four Pb
and one Hg octahedra not included (as shown by C; and C;
in Fig. 5), whereby C; and C, are related by the C-centring
translation. This perspective shifts the structural descrip-
tion to an almost fully rod-based interpretation (Makovicky,
1993), which may offer greater efficiency compared to the
boxwork approach, particularly when considering the closely
related structure of launayite (work in progress). The C; and
C, rods contain four Sb pyramids divided into pairs on each
side of a short LEP approximately parallel to (001). The
rods relate to the PbS-like “cosalite” structure and connect
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Table 4. Continued.
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Sbll- Sb12- Sb13- Sb14- Sb15- Sb16-
S40 2.454(7) S44 2.425@8) S16 2.552(7) S11 2427(8) S8 2.466(8) S517 2.47(2)
S19 2.517(12) S26 2.515(9) S19 2.662(10) S32 2.507(9) S32 2.614(10) S13 2.47(1)
S12 2.547(9) S21 2.648(11) S38 2.719(10) S22 2.519(11) S21 2.754(10)  S65 2.51(3)
S38 3.101(10)  S47 3.007(11) S33 2.971(9) S21 3.193(11) S22 2.894(11) S66 2.52(3)
S33 3.212(10) S43 3.279(8) S12 2.973(11) S26 3.306(8) S26 3.134(9) S53 2.79(2)
S4 3.835(9) S43 3.50009) S9 3.714(9) S63 3.517(11)  S60 3.431(9) S53 3.02(2)
S51 3.16(2)
Sb17- Sb18- Sb19- Me20a- Me20b- Me21a-
S3 2.427(7) S58 2.4348) S65 247(3) Sl 2.416(7) Sl1 2472) S42 2.447(12)
S4 2.475(10) S47 2.580(10) S53/ 2.49(2) S36 2.487(12) S37 2.653) S7 2.637(11)
S9 2.567(11) S43 2.7549) S27 2.53(1) S57 2.495(9) S57 2.86(3) SIS 2.723(12)
S37 3.180(11)  S26 2.866(10) S66 2.54(3) S37 3.277(11) S54 297(2) S2 2.899(12)
S54 3.236(9) S21 3.184(11) S51 2.82(2) S54 3.290(10)  S36 3.103) S24 2.977(11)
S47 3.447(9) S5 3.04(2) S64 3.432(15)
S53 3.18(2)
Me21b- Sb22- Me23a- Me23b- (Sb,As)24- Sb25-
S7 2.792) S6 2.437(7) S5 2.417(7) S5 2.44(2) S56 2.449(14) S64 2.517(13)
S42 2.84(2) S54 2.675(10) S54 2.592(10) S36 2.54(3) S55 2.482(8) S41 2.590(7)
S15 2.85(2) S37 2.686(10) S37 2.682(11) S57 2.69(3) So64 2.706(14)  S15 2.755(9)
S2 2.86(2) S9 2.845(11) S36 2.991(10) S54 3.06(3) S24 2.982(10) S56 3.076(14)
S24 2912) S4 2.951(10) S57 3.071(11) S37 3.193) SI5 3.160(10) S24 3.133(10)
S24 3.502(9) S15 3.379(9)
Sb26- Me27b- Me27a- Me28b- Me28a- (Hg,Ag)-
S48 2.489(8) Me27a 0.66(2) S62 2.480(9) Me28a 0.542) S7 2.429(9) S46 2.370(8)
S2 2.568(9) S62 2.75(2) S39 2.492(9) S33 2.75(2) S33 2.489(11) S35 2.373(8)
S24 2.719(10) S39 2.84(2) SI2 2.506(8) S38 2.84(2) S38 2.617(12) S50 3.234(11)
S7 2.903(10) SI2 3.092) S40 3.196(9) S7 2.88(2) S42 3.031(12) Se61 3.236(12)
S15 3.142(10) S16 3.092) Sl6 3.205(9) S42 2.92(2) S48 3.131(11)  S61 3.245(12)
S56 3.329(13) S40 3.16(2) S48 2.99(2) S50 3.253(12)
S32 3.22(2) S54 3.35(2)
S49 3.44(2) S37 341(12)
S59 3.49(2)
Cul- Cu2-
S62 2.32009) S39 2.293(9)
S23 2.356(11) S23 2.342(12)
S18 2.366(11) S18 2.350(11)
S49 2.369(9) S59 2.393(8)

through a pair of tri-capped trigonal prisms (Pb17 and Pb19;
Figs. 5 and 6). However, unlike the previous description of
rouxelite by Makovicky and Topa (2009), the Pb5 / Pb6 and
the Pb17 / Pb18 pairs of sites in the present structure — cor-
responding to the Pbl and Pb3 sites of Orlandi et al. (2005),
respectively — are included in the C-type wall and not in the
A-type rod.

Since A-, B-, C;- and C,-type rods can be derived directly
from specific cut-outs of PbS-like (“cosalite””) and SnS-like
(extended “boulangerite”) structures (Fig. 7), these rods will
tentatively serve as new archetypes for describing related sul-
fosalt structures.

Two adjacent C; (or Cy) rods are mapped by inversion
centres (orange discs in Fig. 8) located between the connect-
ing Hg site. The Hg site features octahedral coordination and
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thus a pair of C; (or Cy) rods could be combined to give a
single PbS-like rod. Adjacent C; and C; rods are likewise
related by inversion (yellow discs in Fig. 8), but here they
are shifted in the [010] direction and connect via S-S in-
teractions. The precise nature of this part of the structure is
unknown and requires further investigation. As noted above,
the occupancies of these S atoms refine to only ca. 70 %.
There are hints of partial substitution by oxygen (blue discs
in Fig. 8). However, when freely refining the occupancies, a
total occupancy of only 85 % is obtained, indicating anion
vacancies. The displacement parameters of the S atoms are
distinctly enlarged in the [010] direction, owing to disorder
of these positions.
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C-wall

C-wall

A and Brods C;- Grods
CREPY LT

2

Figure 5. The crystal structure of rouxelite viewed along the b axis (~ 8.1 A). Atom colouring is the same as in Fig. 4. Two rods, A (PbS-like)
and B (SnS-like), coloured differently (light grey and dark grey, light red and dark red), alternate parallel to the ¢ axis and are flanked by
infinite C walls. The light and dark shadings indicate a translation of half an octahedron’s edge length in the [010] direction (see Fig. 8). The
short, strong Sb (red)-S bonds are indicated in yellow (Sb—S <2.75 A). Cation—sulfur bonds longer than 3.6 A for Pb and 3.3 A for Sb are
not indicated. Yellow discs with black outlines are symmetry centres overlapping at y =0 and y =0.5. Orange discs are symmetry centres at

y=0.25and y=0.75.

4.5 The coordination of metal sites

To establish the coordination of various metals in the crystal
structure of rouxelite or any other sulfosalt, several criteria
can be applied: (1) a global or element-specific coordination
radius threshold (4 A for Pb, 3.05 A for Sb, etc.); (2) a selec-
tion of ligands with non-zero bond weights in CD calcula-
tions; and (3) exclusion of neighbouring metals from the co-
ordination sphere, except for metals sharing split positions.
For rouxelite, we have applied these criteria flexibly de-
pending on the specific approach. Generally, the coordina-
tions were determined based on the second norm, derived
from CD analyses (Supplement Tables S1 and S2). In gen-
eral, for Pb positions, this norm produces the same results
as a 4 A coordination radius limit. The coordination num-
ber (CN) of Pb varies between 7 and 9, i.e. from mono- to
tri-capped trigonal prisms. Higher CNs occur in the C-wall
module and coincide with their lateral out-of-phase promi-
nences. However, for Sb, the non-zero bond weight criterion
resulted in reduced coordination numbers (CNs spanning
from 5 to 7, i.e. tetragonal pyramids, octahedra, and split oc-
tahedra). Topological descriptions of the structure took into
account the presence of non-bonding interactions across the
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LEP zones with CNs adapted to such situations (e.g. CN =35
instead of 6 for Sb).

In the case of opposing bond pair analysis, the coordi-
nations were either reduced to CN =7 (Pb) or extended to
CN =6 (Sb) (see next section) to allow for the selection of
relevant pairs of interatomic distances.

4.6 Site populations and bond pairs

Due to the complexity of the crystal structure, the as-
signed site populations were tested against element-specific
bond-length hyperbolae using the method developed by
Tromel (1980) and Berlepsch et al. (2001a, b). This method
involves plotting opposing “in-plane” and ‘“‘out-of-plane”
bond lengths present in the coordination octahedra and
capped prisms within the structure. The “in-plane” bonds oc-
cupy the equatorial planes of octahedra (i.e. the shared bases
of the opposing square pyramids) or the bases of capping
pyramids, while the “out-of-plane” bonds refer to the oppos-
ing bonds that extend toward apical ligands, approximately
perpendicular to these “planes”.

In the crystal structure of rouxelite from the Monte Arsic-
cio mine, all planes referenced by the “in-plane” and “out-of-

Eur. J. Mineral., 37, 591-616, 2025
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Figure 6. Rod typology of rouxelite. Rods A and C are PbS-like (“cosalite”), whereas B is SnS-like relatable to an extended “boulangerite”.
Modules Ay, By, and C; have symmetry-related equivalents in the structure (see Ay, By and C, in Fig. 5). The A, B/, B”, B”/, C’, and C”
sections depicted in Fig. 10 are marked on each module type. Outlined yellow and orange discs have the same significance as in Fig. 5.

plane” notions are parallel to the [010] zone axis and share
the same orientation as the well-developed LEP micelles.
The analysis included the coordination environments of Sb
and Pb, considering the first six and seven bond lengths, re-
spectively, in increasing order. For Pb trigonal mono-capped
prisms, the selected opposing “out-of-plane” bond pairs — out
of the two possible ones — were those exhibiting the maxi-
mum S-Me-S bond angles.

The resulting XY plot is shown in Fig. 9. Generally, the
“in-plane” opposing bonds of the Pb-capped prisms plot
close to the diagonal of the diagram, suggesting a relatively
small difference between the short and long bond lengths.
The deviation of points from the Pb hyperbola along the di-
agonal is presumably due to the specific coordination of Pb,
which predominantly falls into the mono- or bi-capped trig-
onal prism category. The deviating Me19 points correspond
to a mixed Pb-Ag-Sb position.

The “in-plane” bond pairs of Sb octahedra tend to deviate
from the normal hyperbolic trend, instead describing a lin-
ear distribution that is secant to the Sb-specific hyperbola. A
similar behaviour was described for dadsonite (Makovicky et
al., 2006 — black symbols in Fig. 9) and also observed in the
structure of rouxelite from Buca della Vena (Orlandi et al.,
2005 — white symbols in Fig. 9). Makovicky et al. (2006) ex-
plained this behaviour by invoking the presence of split sites
or particular Sb positions located in tightly packed columns.
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However, due to the large number of Sb polyhedra aligning
to a linear distribution in rouxelite, with only a minority of
split positions, a different explanation might be required.

The linearity of the distribution primarily suggests a ten-
dency for the opposing “in-plane” bonds to yield quasi-
constant sums of distances, 5.5 to 5.8 A in modules A and B
and from 5.3 to 5.7 A in modules C, thus indicating a highly
regular ligand distribution within the square pyramid bases
parallel to the b axis (Fig. 10). For such Sb coordination poly-
hedra, the centroids (Table S2 in Supplement) tend to be very
close to the central atoms. Larger deviations of centroids in
the square pyramid planes are observable for Sb1, Sb4, Sb10,
Sbl1, Sbl4, Sb16, Sb19, Sb20, and Me27a(Sb), whose op-
posing bond pairs plot along or close to the Sb hyperbola on
both sides. The main variability in the distortion of the coor-
dination octahedra occurs in the longest distances, across the
LEP micelles (Fig. 11).

The Armbruster—Hummel diagram (Armbruster and Hum-
mel, 1987) (Fig. 12) is designed to distinguish between Pb
and Sb sites by plotting the average distance of the three
shortest bonds against the average of the next two shortest
bonds. The diagram shows a clear separation between Pb
and Sb sites, with the exception of Me19, which represents a
mixed Pb-Ag-Sb position.
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Figure 7. Structural rod types (A, B, C1, and Cy) as cut-outs from the PbS-like cosalite (A, C) rod and the SnS-like boulangerite (B) rod.
Note that cosalite is 4 A, and boulangerite can present with orthorhombic (with 4 A) and monoclinic (with 8 A) variants. The structural rod
B is a cut-out from a hypothetical “extended” boulangerite rod (four Pb polyhedra instead of natural three Pb polyhedra). For 4A crystal
structures anion and cation sites, sitting on different levels (0 and 0.5 or 0.25 and 0.75) along 4 A axes, are coloured differently.

C,

Figure 8. Single atomic sheet showing the C;-C; and C{-C; con-
nections. Yellow discs with black outlines are symmetry centres at
y=0 and y=0.5. Orange discs are symmetry centres at y =0.25
and y =0.75. Putative O positions are shown in blue.
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5 Crystal chemistry

5.1 Substitutions

For comparison reasons, the new chemical data for Buca
della Vena and Monte Arsiccio materials (Table 1) and old
chemical data for Buca della Vena (Orlandi et al., 2005) and
Monte Arsiccio (Biagioni et al., 2014) are shown together in
Table 5, as average chemical compositions of clearly defined
groups. Although the unit cell in the C-1 setting contains four
asymmetric units, we will describe the chemical composition
using the unconventional choice of Z =1 instead of Z =4.
This approach simplifies comparisons between different em-
pirical and structural formulae by presenting anion and cation
contents as more straightforward values. Additionally, with
Z =1, the calculated anion contents are closer to integral val-
ues across the various treatments of the O atoms discussed
above. The empirical formulae (calculated on the basis of
Y metal =212 apfu for Z =1) and all important parameters
used to define and quantify the substitution processes and
crystal chemistries are also included, as well as the ideal for-
mula of rouxelite from Buca della Vena (Orlandi et al., 2005)
and our possible ideal formula of rouxelite from Monte Ars-
iccio. Crystal-structure-derived formulae and their chemical
compositions for both deposits are also presented.
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Table 5. Average chemistry (in wt %) and crystal chemistry of published data from Buca della Vena and Magurka (BdV and M by Orlandi
et al., 2005), Monte Arsiccio (A to D by Biagioni et al., 2014), Kl4¢ianka (Sejkora et al., 2021), and new data for rouxelite from Buca della
Vena (FK055) and Monte Arsiccio (MA, extracted material EM). Empirical formulae are calculated based on 212 cations for all data to allow
for comparison. The structure-derived formula (SF) and ideal formula (IF) for rouxelite from Buca della Vena as well as the structure-derived
formula (SF) and two possible ideal formulae (IF1 and IF2) for the Monte Arsiccio mine are also given. Values in italic represent standard

D. Topa et al.: The 8 A crystal structure and new crystal chemical data

deviations.
Buca della Vena, Orlandi et al. (2005), this study ‘ Monte Arsiccio, Biagioni et al. (2014) ‘ Kla¢ianka ‘ This study

Element BdV SF M IF FKO55 | A B C D | Kl | MA EM SF IFl TR

NA 6 7 14 | 3 2 4 4 | 93 | 158 5

Cu 134 122 128 122 1.27 123 124 126 1.16 123 124 123 123 121 121
0.05 0.16 002 | 003 002 00! 0.03 003 | 004 000

Ag 000 000 035 000 007 | 048 038 042 0.63 031 | 054 053 054 000 000
0.00 0.05 007 | 008 002 003 0.07 007 | 011 0.04

I 000 000 000 000 013 | 059 096 164 0.90 000 | 098 097 099 000 000
0.00 008 | 004 003 0I5 0.04 000 | 012 003

Hg 176 192 107 193 172 | 140 152 131 112 1.45 142 143 149 191 191
0.08 0.10 008 | 006 007 006 0.02 009 | 009 001

Pb 4507 4486 4559 4387 4674 | 4213 4193 3950  39.63 45.13 | 4390  43.63 4204 4630 4549
0.14 1.34 030 | 034 032 072 048 053 | 053 028

As 000 000 000 000 012 | 047 062 020 0.49 000 | 038 042 026 000 000
0.00 006 | 003 001 00! 0.02 000 | 012 006

Sb 3150 3194 3194 3281 3033 | 3288 3296 3440  33.08 3174 | 3144 3144 3306 3068 31.38
0.13 025 030 | 012 025 025 0.23 050 | 033 026

S 2007 1986 1992 1996 1986 | 2032 2045 2043  20.15 2007 | 2026  20.14 2036 1990 19.97
0.10 0.15 0.0 | 018 002 018 0.14 021 | 016 010

o 039 020 0.21 0.038
0.11

Total 100.13 100 100.15 100 10025 | 9951 100.03  99.15  97.15 99.97 | 100.12 99.77 100.00 100.00  100.0
0.40 1.31 036 | 060 045 072 071 061 | 061 020

chP —-435  —05 1.6 0.0 0.2 0.8 0.6 0.0 011 | —06 —007 046 00 00
1.41 0.9 0 6 0.9 11 0.9 0.94 1.0 0.4

Cu 880 800 836 800 835| 801 801 814 7.65 805 | 810 803 800 800 800
0.36 015 | 014 008 002 0.17 019 | 025 002

Ag 000 000 135 000 029 | 184 143 160 246 121 | 207 202 208 000 000
0.00 026 | 030 007 011 025 027 | 042 0I5

I 000 000 000 000 027 | 120 192 33l 1.85 000 | 199 19 200 000 000
0.00 017 | 007 006 030 0.07 000 | 024 003

Hg 368 400 221 400 360 | 289 310 269 235 303 | 293 296 3068 400 400
0.20 017 | 012 0I5 01l 0.02 019 | 018 003

Pb 91.12 9044 9127 8800 9450 | 8392 8305 7860 8052 90.92 | 87.83 8747 83568 9400 92.00
0.28 068 | 029 013 110 0.59 125 | 094 066

As; 000 000 000 000 066 | 259 340  1.09 273 000 | 212 231 1448 000 0.0
0.00 031 | 015 008 006 0.12 000 | 068 032

Sb 10840 109.56 108.81 11200 10433 | 111.56 111.10 11657 11444 108.80 | 106.98 10725 111.84 1060 108.0
0.28 072 | 023 0I5 095 0.58 124 | 104 075

S 26212 258.64 257.52 258.64 25954 | 26148 261.71 26278  264.63 261.75 | 261.83 26094 261.52 261 261
1.07 189 | 139 195 267 233 237 | 202 087

o] 1024 536 000 536 | | | 0.00 1

CH® -21.0 —244 806 0 100 | 38 374 305 —005 | 051 | —268 —035 216  0.00 0

Cucxes 080 000 036 000 035 | 001 001 014 0 005 | 010 003 000 000 000

Aglorce =44 000 000 000 000 000 | 000 000 000 035 000 | 000 000 000 000 000

missing Hg 032 000 179 000 040 | 111 09 131 1.65 097 | 107 104 0932 00  0.00

Aglorte —p 000 000 143 000 0.05 L1008 117 1.65 092 | 097 101 0932 0.0  0.00

CuforHe = ¢ 032 000 036 000 035 | 0005 0005 007 0.0 005 | 010 003 000 00  0.00

b/2+c/2=w 0.16 000 0894  0.00 020 | 0555 045 0655 0825 0485 | 0535 052 0466 00  0.00

Sbeorr = Sb —w 10824 109.56  107.91 11200 10411 | 111.01 11065 11592  113.62 10832 | 10645 106.73  111.37 106 108.0

(Cu™ —¢/2)qups = d 064 000 0180 000 0175 | 0005 0005  0.07 0.00 0025 | 005 0015 000 000 000

(Ag—a—b/Daps=e 000 000 0635 000 0265 | 1290 0985 1015 1285 0750 | 1.610 1515 1614 00  0.00

Tlsubs = f 000 000 000 000 0270 | 1200 192 33l 1.85 0.000 | 1990 1960  2.00 0.0 000

Mell =g 064 000 0815 000 0710 | 2495 291 4395  3.135 0775 | 3.600 3490  3.614 0.0 000

Cu 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8

Hg 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4

Pb =Pb+2xg 9240 9044 9290 8800 9591 | 8891 8387 8739 8679 9247 | 9503 9445 9080 940 920

Sbf =Sbeorr+As—g ~ 107.60  109.56 107.10 11200 10409 | 111.10 111.14 11261  113.21 107.53 | 10497 10555 10920 1060 108.0

Pby / Sby 0859 0825 0867 0.786 0921 | 0.800 0.800 0776  0.767 0.860 | 0905 0895 0832 0887 0.852

2 Number of point analyses.

ch charge balance values calculated as (£ cation valence — S anion valence) using atomic percent values. CH is the charge balance values calculated as (£ cation valence — S anion valence) using apfu

values. © A possible ideal formula for rouxelite from the Monte Arsiccio mine, free of any substitutions and containing O, is CugHg4Pbg SbjgS261 0. da,b,c,w,d, f.and g =d+e+ f parameters are explained in the text. The general
formula for the Monte Arsiccio material, taking into account all substitution mechanisms, is (Cu + a)g[Hg + b + cl4[(Ag —a — b/2)gups+ (Cu*®s —¢/2) + TloubslgPbx—2¢ (Sb+ As)x 4 g—uSz, where coefficients X, ¥, and Z for Pb,
Sb, and S can be 94, 106, and 261 or 92, 108, and 262, respectively.
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Figure 9. Plot of the opposing bond pairs for the Pb and Sb coordination polyhedra in the crystal structure of rouxelite against element-
specific bond-length hyperbolae. For the “in-plane” bonds, the shorter distances (x;) are plotted along the abscissa, while for the “out-of-
plane” pairs the shorter distances (x,) are plotted along the ordinate. The red segment represents the regression (y = —1.10696x + 5.8414)
approximating the linear distribution of Sb “in-plane” bond pairs. The black symbols correspond to the linearly distributed bond pairs for Sb
in dadsonite (Makovicky et al., 2006), and the white symbols represent rouxelite from Buca della Vena (Orlandi et al., 2005). The “in-plane”
bond pairs of Sb are plotted with different colours according to their host module: A modules are dark grey, B modules are pink, and C
modules are light grey (see Fig. 6). Coordination polyhedra of metals in split positions and with minor occupancy were omitted.

The comparison of empirical
Cug.03Ag2.020Hg2.96T11.96Pbg7.475b107.25A82.315260.92,
and structural (SF), CugAgsosHgs.068T12Pbg3 568As8] 448
Sb111.8365261.52, formulae for a chemically and structurally
analysed grain and the results for refined (Hg, Ag), Mel2,
Mel9, Me21, and Me22 sites (Table 3) indicates that Monte
Arsiccio’s rouxelite clearly presents Ag for Hg, Tl for
Pb, and Ag for Pb substitutions, as qualitatively stated by
Biagioni et al. (2014).

(EM),

5.2 Mechanisms of isomorphous substitution

Rouxelite undergoes complex homovalent and heterovalent
substitutions such as Sb>* — As3*, Cu't —Ag!t, main
substitution mechanism (MSM) 2Pb%t — Me3++ Me!*
(where Me?t is Sb and As and Me'* is Ag, Cu, and TI), and
2Hg?t —Sb>T + (Cu+ Ag)'*. Rouxelite is always Hg defi-
cient, and the missing Hg (under 4 apfu) must be compen-

https://doi.org/10.5194/ejm-37-591-2025

sated for by a specific Ag and Cu content, with a correction
for charge balance for Sb and Ag and Cu. This substitution
does not involve Pb.

The process of deriving the ideal formula for rouxelite,
while considering the constraints from crystal structure de-
termination, is outlined as follows (see Table 5).

The first step involves Ag compensation (Agf;“) for a

deficit of Cu and Ag compensation (Hg?g) for a deficit of
Hg. The next step involves the total 8 apfu (Z = 1) positions
occupied by Cu due to their relatively stable site population.
Three scenarios are considered:

1. Measured Cu content (apfu) is equal to the theoretical
8 apfu; no correction for Cu is needed.

2. Measured Cu content (apfu) exceeds 8 apfu, requiring
the surplus, Cu®™®s, to be allocated to

2a. compensate for a deficit of Hg (Cu?g), and/or

Eur. J. Mineral., 37, 591-616, 2025
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Figure 10. Configurations of square pyramid bases in Sb coordination octahedra forming the pseudo-tetragonal (Q) walls around various
modules in rouxelite, as viewed parallel to the [010] axis. A, B/, B”, B””, C’, and C” symbols indicate the positions of the sections in the
structure as shown in Fig. 6. Dark grey spheres are the centroids of the coordination octahedra. Low deviations of the centroids in the planes
of the square pyramid bases correspond to Sb coordinations describing a linear distribution of the “in-plane” opposing bonds (see Fig. 9).

The sections encompass two periodicities along the b axis.

2b. participate in the MSM (Cuy).

3. Measured Cu content (apfu) is deficient and must be
compensated for by Ag™ (Agg“).

The next step ensures that the Hg positions total
4apfu by compensating any Hg deficiency with either
cut (Cu®) andior Ag* (Ag?g) with an extraction of

w= (0.5Cu£1g+ 0.5Ag1;g) from Sb, where Sbeorr =Sb —w,
and an extraction of 0.5Culc-Ig from Cu and O.SAg?g from Ag.

Any remaining Cu = (Cu®*** — ¢/2)sybs, Ag=(Ag—a —
b/2)subst> and Tlgubs (g = Cugubst+ Agsubst + Tlsubst) Will en-

ter in the MSM as Me;ljm, altering measured Pb to

(Pb+ ZMC::f)st) and corrected Me3* to (Sbeorr+ As-MellEst).
The final correction for all substitution mechanisms is repre-
sented by Pb s and Sb s values in Table 5.

The three different treatments of O in the refinements (see

above) lead to the following corrected structural formulae:

— the corrected structural formula for the refinement
without O is CugHg4Pbgg 796Sb109.2045261 for § =261,

Eur. J. Mineral., 37, 591-616, 2025

charge balance=2.16, and Pby /Sby =0.831. The
balanced charge valence formula would imply
CugHg4Pby4Sb106S261 with Pb s / Sb s =0.887.

— For O and S occupancies refined independently, it is
CugHg4Pbogg 804Sb109.200S263 for S =263, ch=—-0.47,
and Pby/Sby=0.832. The balanced charge va-
lence formula would imply CugHg4PbgpSb119S263 with
Pb;/Sby =0.818.

— The corrected structural formula for sum of O and S
occupancies fixed to 1 is CugHg4Pbgg 804Sb109.196S264
for §=264, ch=-2.8, and Pby/Sb;=0.832.
The balanced charge valence formula would imply
CUgHg4Pbgng1125264 with be / Sbf =0.786.

Observe that the Pby / Sb ratio of the refinement with-
out O shows the best agreement with the chemical analysis
(Table 5). We emphasize that no other combinations of Pb s
and Sb s values for § =262, 263, or 264 yield an ideal for-

https://doi.org/10.5194/ejm-37-591-2025
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Figure 11. (a) Distribution of the short (S) and long (L) “in-plane”
distances for the Sb-dominant coordinations, along with the sum of
the opposing bonds (X), which shows a very narrow range of vari-
ation; (b) similar distribution for the “out-of-plane” bonds, where
the major variation occurs in the longer distances across the LEP.
Points are grouped according to the host module type: dark grey is
module A, pink is module B, and light grey is module C.

mula that aligns as closely with our empirical and structural
formulae.

Therefore, for now we assume no O on the S66 / S67 posi-
tions and according to our data the ideal formula of rouxelite
from the Monte Arsiccio mine is CugHgaPbgsSbi1o6S261,
with Pby /Sby =0.887, which is consistent with the fact
that we observed no other O-bearing sulfosalts in the inves-
tigated samples. Improved analytics including quantification
of O will be necessary to finally settle the issue of the ideal
rouxelite formula.

The Pb s and Sb ¢ values (95.91 and 104.09) for Buca della
Vena material (FK055), measured by us, are not far from the
trend expressed by Pb s and Sb values (~ 95 and ~ 105) for

https://doi.org/10.5194/ejm-37-591-2025
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Figure 12. The Armbruster—Hummel (Armbruster and Hummel,
1987) diagram modified to account for the chemical content of
rouxelite. The contours of the Sb and Pb fields are compiled us-
ing data from over 1700 coordination polyhedra in sulfosalts, a sig-
nificantly larger dataset than the one used in the original diagram
from 1987. The diagonal line represents regular polyhedra where
the two mean values are equal. The bond lengths in ascending order
are denoted as D1, D2, D3, D4, and DS. The colouring of Sb points
reflect their host module (dark grey is module A, pink is module B,
and light grey is module C).

Monte Arsiccio material, but they differ substantially (~ 88—
89 and ~ 111-112) from the data published by Biagioni due
to lower-corrected Pb, i.e. after accounting for substitution
and correction, and higher-corrected Sb values. With both
materials being analysed in the same run, we exclude any
analytical errors for our analytical data.

These substitutions yield also a general for-
mula, accounting for all types of substitutions,
for rouxelite from the Monte Arsiccio mine:

(Cu+ Agl")s[Hg + (Ag, Cuc®)lul(Ag — AgC" —
b/2)subst+ (Cu—c/2) + Tlgupstlg

Pbgs_24)(Sb+ As)1064+g-wS261  or  (Cu+a)s[Hg+b+
clal(Ag —a — b/2)subst+ (Cu —c/2) + Tlsubst]ng94—2g)
(Sb+ As)106+¢g—wS261, With a, b, ¢, w, d, f, and g being
parameters explained above and given in Table 5.

Eur. J. Mineral., 37, 591-616, 2025
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Figure 13. Plots of rouxelite chemistry in the (Cu+ Ag+ T1) — (Pb + Hg) — (Sb + As) ternary system. Details are in Table 5. Orlandi’s
ideal formula CugHg4PbggSb12S256(0,S)s; our formulae for (1) CugHgqPbgsSb1geS261; (2) CugHgsPbgrSb1ggS2610. The line indicate
a trend of ¥Mes12S264 (red) to XMep 1252610 as well as ZMe,12S761 rouxelite formulae free of any substitution.

Table 6. Comparative data for rouxelite from the Monte Arsiccio mine (MA) and Buca della Vena (BdV).

rouxelite MA

rouxelite BAV

Empirical formulaa Cu8_03 AgZ.OZT] 1 .96Hg2.96—

Pbg7.47A82.315b107.255260.94

CH® —0.33
Corr. emp. formula  CugHgqPbogyg 44Sb105.575260.94
Structure formula CugAgy 0gTlhHgs 05—

Pbg3 568A51.4485b111.8365261.52
CH +2.16

Corr. str. formula
Ideal formula

CugHgyPbgp 7965b109.25261.52
CugHgaPbg4Sb106S261 or

CugHg4PbgsSbi0852610
CH 0
Crystal system triclinic
Space group C-1
Cell parameters
aA) 43.1883(12)
b (A) 8.1037(2)
c(A) 38.1470(10)
o (°) 96.001(2)
B 116.615(2)
Y (°) 95.372(2)
V(A3 11721.7(6)
Ry (%) 8.74
Ref.€ 1

Cuy 415Hg1.84Pb4s 565 Sbs4.185131.08502.62

—5.65

CuygHgrPbyg 2355b53 765 S129.3202.68
CuyHgyPbys 22 Sbsq 785129.3202.68

—0.5

CuyHgrPbys 22Sbs4.78 S129.3202.68
CuyHgrPbyySbse S129.3202.68

0
monoclinic
C2/m

43.113(9)
4.0591(8)
37.874(8)

117.35(3)
5887(2)

16.86
2

@ both for Z =1, i.e. 212 and 106 metal sites per unit cell, respectively. b CH is the charge balance values calculated as (X cation valence —

¥ anion valence) using apfu values. © 1: this work; 2: Orlandi et al. (2005).

Eur. J. Mineral., 37, 591-616, 2025
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Figure 14. Plots of relevant pairs of element content (expressed as apfu) in rouxelite from Buca della Vena, Monte Arsiccio, and Kld¢ianka.
The lines represent (a) the line in plot Hg vs. Cu+ Ag shows that Hg content of Magurka (reference in Orlandi et al., 2005) and a few of
our points are slightly under the needed 4 apfu; (b) the line in plot Hg vs. Ag separates the fields of Ag entering into Hg and Ag implied in
MSM; (c) the line in plot Cu vs. Ag indicates the fields of deficient Cu filled by Ag and excess Cu going to MSM; (d) the line in plot Hg vs.
Cu delimits the fields of deficient Cu and excess Cu; (e, f) the lines in the plot Pb vs. Melt and Sb vs. Melt depict the loss of 2Pb for

subst subst
Me;’{)st and the increase of Sb for Me;’l’)s[; (g) the line in Pb vs. T1 diagram shows only T1 substitution, and (h) the line in Pb vs. (Sb 4+ As)

indicates uncorrected values of Pb / (Sb + As) for all plotted points and the variation of corrected Pb and Sb values of ideal formulae for
three values of S apfu.

https://doi.org/10.5194/ejm-37-591-2025 Eur. J. Mineral., 37, 591-616, 2025



D. Topa et al.: The 8 A crystal structure and new crystal chemical data

612

e - mm,....
,'vcs%.m mﬂ,... S

i o T
e hu%%h;hamuh

PoBliiin

izoklakeite

&)

P> A - L x
RLNE, O \ 5 i
LT S o1 esay
L e 8 ek
&S . 3 a8 = > e eag .
s e Lo EBlIEN - 1 o G3RSS
" ~ & . A \.Q\.‘ \'-v . N

WO Y o L
byt Bos Wogt” BTNy
L T P D
4 » &

(7
12K SRy T X o
580" - Gfsgne” -

%e
e SBlis :
gire e

|V. . .( ,
R L @%SS < :v\s%.wv; ot
gisorgdin gl
% % m«u\.»v&.w... m.mm? T
" Q'(?Qua Y . atets e
OV S P R
&0‘\., ,.\'Qb QWQ. NQ‘\. S OQ\Q. io‘ :
.d‘ L %f%’\cﬁ’@bﬁ\ #@'@%

y I'QD,Q

kobellite

rouxelite

T e
N

like archetype (“boulangerite”). The

(d) neyite, (e) kobellite, or (f) izoklakeite.

]

https://doi.org/10.5194/ejm-37-591-2025

(c) pillaite

Figure 15. Comparison between the modular description of rouxelite and the modular description of various rod-based and boxwork struc-

tures. Dark and light grey coloured rods are of PbS-like archetype (“cosalite”). All others are of the SnS

rouxelite rods A, B, C1, and C; do not appear in the crystal structures of (b) pellouxite
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Table 7. Independent sites and occupancies by rod type (a: rod A, b: rod B, ¢: rod C, and d: summary of all) in the crystal structures of
rouxelite from the Monte Arsiccio mine (present work) and Buca della Vena (Orlandi et al., 2005). Rod types are represented in Figs. 5 and
6. For both crystal structures, the main substitution mechanisms take place within rod B.

(a)
Atoms Occupancy CN Atoms Occupancy
Pb9 Pb; 00 8 Pb6 Pb; 00
Pb10 Pb; oo 8
Pbl4 Pb; 00 7 Pb7 Pb; 00
Pb7 Pb1 .00 7
Pb8 Pb; oo 8 Pb8 Pb; oo
Pbl6 Pbi 0o 8
Sbl Sb1.00 6 Sb5 Sb1 .00
Sb4 Sby 00 6
Sb10  Sbygo 6  Sb6 Sb1 00
Sb8 Sb1.00 6
Sb18 Sbi .00 6 Sb7 Sbi .00
Sb12  Sbygo 6
Sbl14 Sbi 00 6 Sb8 Sb1.00
Sbs Sby 00 6
PbeSbg Pb3Sby
(b)
Atoms Occupancy CN Atoms Occupancy
Pbl5 Pbi 0o 8 Pb4 Pbi 0o
Mel2 Pbg 5Tlp 5 8
Sb22 Sbi .00 5 Sbll Sbi .00
Sb17 Sbi.00 5
Sb23a,b  Sby g 5 Sblo Sb1.00
Sb20ab  Sby oo 5
Sb13  Sbygo 6 Sbl2 Sby 00
Sbll Sb1.00 5
Me28 Sbo_804Pbo. 196 5 (Pbl5,Sbl5)  Pby.574Sbp.213
Me22 Pbg.731Sbg 269 7
Pb20 Pb; 00 7  (Pb,Sb)10 Pbg 78Sbg 22
Me19 Pbg.426A80.2875b0.287 7
Me27 Sbo.859Pbo. 141 5 Me Sbo.548Pbg 452
Me21 Pbo.89gAsp. 102 8
Pb13 Pb; 0o 8 Pb9 Pb; oo
Pbl1 Pb; 00 8
Sb2lab  Sby go 7 (Pbl4,Sbl4) PbysSbg s
Sb26  Sbygo 6
Sb25  Sbygo 6  Sb9 Sbo 50
Me24 Sb.74As0.26 6
Ag0.287Tlo.5Pbg.8925b11.950A50.362 Pb4 3065bs.695

https://doi.org/10.5194/ejm-37-591-2025 Eur. J. Mineral., 37, 591-616, 2025



614

Table 7. Continued.
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(©
Atoms Occupancy CN Atoms Occupancy
Cul Cui 00 4 Cu Cuy oo
Cu2 Cuy 0o 4
(Hg,Ag) Hgo.767A80.233 6 Hg Hgo s
Pbl Pb; 0o 8 Pbs Pb; 00
Pb2 Pby oo 8
Sbs Sby 00 6 Sb4 Sby 00
Sb7 Sby 00 6
Sb9 Sb1.00 6 Sb3 Sbi .00
Sb6 Sby 00 6
Sb19 Sb1.00 7 Sb2 Sbi.00
Sbl6 Sbi .00 7
Sb2 Sby 00 6 Sbl Sby 00
Sb3 Sby 00 6
Pb5 Pb; 0o 8 Pbl Pb; 0o
Pb6 Pb; 0o 8
Pb4 Pb; 00 7 Pb2 Pb; 00
Pb3 Pb; 0o 7
Pbl7a,b Pb; 0o 9 Pb3 Pb; .00
Pbl8a.b Pb; 00 9
CupAgp.233Hg0.767Pbg Sbg CuHgg 5PbySby
(@)
Rod A PbgSbg Pb3Sby
Rod B Agp.287Tlo.5Pbe 8925b11.950A50.362 Pby 3065bs 695
Rod C CupAgp.233Hgo.767Pbg Sbg CuHg 5Pb4Sby
Asymmetrical unit  CupAgo 52Hg0.767Tlo.5Pb20.892A50.3625b27.959  CuHgo 5Pb11.3065b13.695
Unit cell CugAg) 08Hg3 068 TI2Pbs3 568 As1.448Sb111.836  CuaHgaPbas 22Sbsa 78

Corr. unit cell

CugHgyPbgg gSbig9.2

The ternary plot (in atomic percent) in the
(Cu+Ag+TD) — (Pb+Hg) — (Sb+ As) system (Fig. 13)
for all measured points in Buca della Vena (#20) and Monte
Arsiccio (#171) deposits by Orlandi et al. (2005), Biagioni
et al. (2014), Kla¢ianka occurrence by Sejkora et al. (2021),
and this work (Table 5) gives a general view of the position
of different groups in terms of Me!™, Me?*, and Me3*t. The
line indicate the trend for substitution-free formulae with
variable S or (S, O) content.

Several binary plots (a to h) employing the same num-
ber of points (in apfu) are presented in Fig. 14 and reveal
inter-element correlations: (a) the line in plot Hg vs. Cu 4 Ag
shows that Hg content of Magurka (reference in Orlandi et
al., 2005) and a few of our points are slightly under the
needed 4 apfu, (b) the line in plot Hg vs. Ag separates the
fields of Ag entering into Hg and Ag implied in MSM, (c) the
line in plot Cu vs. Ag indicates the fields of deficient Cu filled
by Ag and excess Cu going to MSM, (d) the line in plot Hg
vs. Cu delimits the fields of deficient Cu and excess Cu, (e,

f) the lines in the plot Pb vs. Meiljt_)st and Sb vs. Mesl;{,st depict
the loss of 2Pb for Me;;rbst and the increase of Sb for Megim,

Eur. J. Mineral., 37, 591-616, 2025

(g) the line in Pb vs. TI diagram shows only T1 substitution,
and (h) the line in Pb vs. (Sb 4 As) indicates uncorrected val-
ues of Pb / (Sb + As) for all plotted points and the variation
of corrected Pb and Sb values of ideal formulae for two val-
ues of S apfu.

5.3 Comparison with published data

The chemistry of rouxelite from Buca della Vena, Magurka,
Monte Arsiccio, and Klacianka (Sejkora et al.,, 2021)
are compared in Table 5, together with empirical for-
mulae (calculated for ¥Me =212 for all to enhance
the differences among them) and with corrected empir-
ical formulae (i.e. express by Pby and Sby) for sub-
stitution mechanisms presented above. It is evident that
corrected empirical formula for Buca della Vena roux-
elite does not agree with its structural formula or with
the ideal formula proposed by Orlandi et al. 2005 (i.e.
CugHg4Pbg; 4Sb106.6(S262.12010.24) $272.36 With ch=-21,
CugHg4Pbog.445b109.56(5258.6405.36) w264 With ch=—2.45,
or CugHg4PbggSby12(S258.6405.36) 264 With ch =0, respec-
tively). The TI-free, Cu-low, Ag-low substituted Kla¢ianka

https://doi.org/10.5194/ejm-37-591-2025
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formula CugHg4Pbogs 47Sb107.53S261.75 is almost identical
with our possible solutions of CugHgsPbg>SbiggSa62 or
CugHg4PbgySb108S2610 and clearly departed from corrected
empirical formulae of Biagioni et al. (2014) (Table 5).

The unit-cell parameters; space groups; and empirical,
structural, and ideal formulae for rouxelite from the Monte
Arsiccio mine and Buca della Vena are presented in Table 6
for comparison.

Independent sites and occupancies by rod type in the crys-
tal structures of rouxelite from the Monte Arsiccio mine
(present work) and Buca della Vena (Orlandi et al., 2005)
are shown in Table 7 and indicate that Tl, Sb, Ag, and As
substitutions are present only in the B-type rod of rouxelite.

6 Modularity

The concepts of the modular description of rod-based sul-
fosalt structures (Makovicky, 1993) and boxwork structures
(Makovicky and Topa, 2009) will be further applied to com-
pare the structure of rouxelite with the structure of other sul-
fosalts. Generally, the PbS-like archetype (“cosalite”) will
be represented in different shades of grey, whereas various
colours are used for the SnS-like archetype (“boulangerite”).
Light and dark shades of the same colour indicate rods with
the same topology but translated along the viewing direction.
The method of defining the rods in the rouxelite structure
(Fig. 7) will be extended to represent other rods in sulfos-
alt structures. A comparison between the modular descrip-
tions of rouxelite and the modular descriptions of other rod-
based and boxwork structures is presented in Fig. 15. No-
tably, the rouxelite rods A, B, Ci, and C, are absent in the
crystal structures of pellouxite, pillaite, neyite, kobellite, and
izoklakeite and indicate that according to the formalism of
Makovicky (1993) rouxelite and the enumerated minerals do
not belong to the same family, or in other words rouxelite is
modularly not related to the enumerated minerals under the
rules outlined by Makovicky.

7 Conclusions

New unit-cell parameters, space group, empirical formu-
lae, and crystal chemistry for rouxelite from the Monte
Arsiccio mine have been identified and described, reveal-
ing notable differences from previously published data.
However, the inability to precisely determine sulfur con-
tent through refinement, along with challenges in estab-
lishing oxygen content via chemical and refinement meth-
ods, complicates direct comparison with the existing liter-
ature data. These limitations underscore the need for fur-
ther studies, particularly to refine sulfur quantification meth-
ods and improve the accuracy of oxygen content determi-
nation. Such investigations will be essential to fully re-
solve discrepancies and advance our understanding of roux-
elite’s crystal chemistry, which might lead to a redefinition
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of rouxelite. An ideal substitution-free formula for roux-
elite is difficult to present, and the possible solutions are ex-
pressed by CugHg4PbgsSbioeS261, CugHgsaPbgrSbiggSa62,
or CugHgaPbgsrSb103S2610.

The problems in fully resolving potential S vacancies or
substitution by O are at least partially due to the crystal un-
der investigation, being an intergrowth with a second do-
main whose cell parameters correspond to those of launayite.
A comparison of the two structures is in progress and will
be published soon. In the future, we hope to acquire high-
resolution diffraction data from a non-intergrown crystal that
will allow us to resolve the position in detail. Transmission
electron microscopy studies might be necessary to investi-
gate the oriented associations of rouxelite and launayite-like
phases.

High-precision determination of the oxygen content of
rouxelite material from different origins is being performed
using EPMA and will be published in due course.

Data availability. Crystallographic data for three different refine-
ments of rouxelite are available in the Supplement as S1, S2, and S3,
and Tables S1 and S2 summarize charge distribution and polyhedra
characteristic calculations.
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